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other  than  in  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
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data  is  not  to  be  regarded  by  implication  or  other¬ 
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other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
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REVIEW  OF  RECENT  DEVELOPMENTS  ON  OXIDATION- 
RESISTANT  COATINGS  FOR  REFRACTORY  METALS 


W.  D.  Klopp* 


This  memorandum  reviews  developments  on  oxidation-resistant 
coatings  for  molybdenum,  tungsten,  and  their  alloys,  as  reported  in  infor¬ 
mation  received  by  DMIC  during  the  period  from  August  through  October,  1961. 


COLUMBIUM 


Both  silicide-base  and  aluminide-base  coatings  continue  to  receive 
attention  for  protecting  columbium  alloys. 

Indications  of  room-temperature  ductility  in  a  silicide-coating 
on 'FS-82  columbium  alloy  have  been  observed  at  the  Boeing  Company. ( 1)** 
Panels  coated  by  the  f luidized-bed  technique  were  deformed  by  impact  at  room 
temperature.  The  coating  showed  no  fracture  and  was  subsequently  protective 
at  2700  F.  The  coating  ductility  may  be  associated  with  the  thinness  of  the 
coating  ( 1  to  2  mils)  and/or  self-healing  of  microcracks  at  elevated  temper¬ 
atures. 


Modified  silicide  coatings  under  development  at  the  Pfaudler 
Company(2)  have  shown  promise  up  to  3000  F.  The  protectiveness  varies  with 
substrate  composition,  as  also  shown  recently  by  the  Tapco  Group. (3)  Typical 
life  ranges  for  the  Pfaudler  PFR-1  coating  at  3000  F  (apparent  temperature) 
on  FS-82  (Cb-34Ta-0.75Zr)  and  D-31  (Cb-lOMo-lOTi)  columbium  alloys  are  0.5 
to  0.75  hour  and  2  to  4  hours,  respectively. 

Proprietary  coatings  from  the  American  Machine  and  Foundry 
Company!4)  also  are  protective  at  very  high  temperatures.  Their  AMFKOTE-3 
coating,  which  may  be  applied  by  a  variety  of  techniques  including  pack 
cementation  and  hot  dipping,  is  protective  to  columbium  in  air  for  10  hours 
at  2800  F  and  for  8  hours  at  3000  F. 

Coating  of  the  prototype  McDonnell  Aircraft  Corporation  fin-rudder 
section  has  been  successfully  completed  at  the  General  Electric  Company. (5) 

This  complex  section  is  constructed  of  F-48  alloy  and  was  coated  to  a  thickness 
of  3  to  4  mils  with  the  LB-2  slurry  aluminide  coating.  Evaluation  of  the 
section  is  incomplete  at  this  time. 

Modification  of  the  straight  LB-2  coating  with  silver  appears  to 
reduce  the  notch  sensitivity  of  the  coated  F-48  alloy  (Cb-15W-5Mo-lZr-0.05C).(6) 
The  silver  may  be  plated  before  slurry  coating  or  may  be  incorporated  as  powder 
in  the  slurry. 

■^Principal  Metallurgist,  Nonferrous  Metallurgy  Division,  Battelle 
Memorial  Institute. 

**References  are  listed  at  the  end  of  this  memorandum. 
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The  Tapco  coating,  which  is  silicide  modified  with  chromium  and 
titanium,  has  been  tentatively  selected  by  Republic  Aviation  Corporations) 
to  protect  F-48  and  Cb-74  (Cb-10W-5Zr)  alloys  in  the  Republic  program  on 
refractory  metal  fasteners. 


TANTALUM 


Recent  data  on  protective  coatings  for  tantalum  are  available 
from  Air  Force-sponsored  studies  at  the  Sylvania-Corning  Nuclear  Corporation 
and  at  Battelle  Memorial  Institute. 

The  Sylcor  coating  of  Al-50Sn  has  previously  been  shown  to  possess 
excellent  self-healing  properties  through  the  presence  of  a  liquid  tin-rich 
phase.  In  recent  studies^),  the  coating  was  protective  for  several  hours 
at  3100  to  3150  F  with  a  plasma  torch.  Thus,  the  liquid  phase  appears  not 
to  affect  the  coating  protectiveness  under  high-mass-flow  conditions. 

Recent  Battelle  studies(9)  indicate  that  manganese  may  be  an 
attractive  addition  to  silicide  coatings.  The  manganese-modified  coatings 
were  significantly  more  protective  to  unalloyed  tantalum  than  were  straight 
silicide  coatings.  The  glassy  oxide  produced  on  exposure  was  self-healing 
on  Ta-lOW  and  on  one  experimental  alloy  (Ta-30Cb-5V)  at  2700  F,  although  no 
self-healing  was  observed  on  unalloyed  tantalum. 


MOLYBDENUM 


The  protective  life  and  self-healing  properties  of  silicide 
coatings  on  molybdenum  may  be  significantly  improved  by  alloying,  according 
to  recent  information  from  American  Machine  and  Foundry. (4)  Their  AMFKOTE-2 
coating,  a  heavily  modified  silicide  applied  by  pack  cementation,  is  protective 
in  air  for  up  to  9  hours  at  3200  F  and  40  minutes  at  4000  F.  This  coating, 
which  also  exhibits  good  self-healing  properties,  is  included  in  a  comparative 
evaluation  program  currently  being  conducted  by  the  NASA. 

The  Chromizing  Corporation  also  is  studying  improved  coatings  for 
molybdenum. (10)  its  Durak  B  coating,  a  modified  silicide,  has  a  life  ex¬ 
pectancy  in  excess  of  150  hours  at  2700  F,(ll) 

Application  of  pack-cementation  silicide  coatings  in  two  cycles 
improves  the  protectiveness,  according  to  studies  at  Chromalloy(ll)  and  at 
PfaudlerU2)#  The  Chromalloy  study,  aimed  at  optimization  of  process 
variables  for  their  chromium-modified  silicide  coating  (W-2) ,  showed  that 
two-cycle  processing  for  a  total  of  24  hours  at  1900  F  produces  the  most 
piotective  coating.  The  minimum  life  (95  per  cent  confidence)  was  established 
statistically  as  18.1  hours  at  2700  F. 
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The  Pfaudler  PFR-6  coating,  a  columbium-modified  silicide,  is 
applied  by  pack  cementation  for  a  total  of  7  hours  at  2050  F.  Deposition 
in  two  cycles  rather  than  one  cycle  increases  the  average  life  from  1.4 
hours  to  2.5  hours  at  3125  F.  The  PFR-6  coating  is  resistant  to  accelerated 
"pest11  oxidation  at  1700  F  and  higher.  This  coating  has  been  tentatively 
selected  by  Republic  AviationC7)  for  protecting  TZM  and  TZC  molybdenum  alloys 
in  Republic’s  refractory-alloy  fastener  program. 


TUNGSTEN 


Studies  on  protective  coatings  for  tungsten" are  currently  in 
progress  at  General  Telephone  and  Electronics  Laboratories,  Inc.,  and  at 
Tapco. 


Early  results  at  GTE ( 13)  have  shown  lives  in  excess  of  10  hours 
at  3300  F  for  tungsten  wires  in  air  protected  with  modified  silicide  coatings. 
The  type  and  sequence  of  phases  appearing  during  oxidation  and  factors 
affecting  oxide  adherence  are  also  being  considered  in  this  study. 

Titanium  and  zirconium-modified  silicide  coatings  on  tungsten  are 
being  evaluated  at  Tapco(l4),  but  performance  data  are  not  yet  available. 
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